RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 18 RSC Advances

A Facile Dip-coating Approach to Stable Superhydrophobic
SiO,/Epoxy Resin Membrane Preparation for Micro-Water

Separation in Transformer Oil Liquids

Liangwei Zhou" Ping Yu”  Yunhua He® Huanhuan Xia® Xinliang Guo®
Yunbai Luo®
(* College of Chemistry and Molecular Science, Wuhan University, Wuhan 430072,
Hubei, People’s Republic of China
®Electric power research institute of Yunnan power grid co., Ltd, Kunming,
650217,Yunnan, People’s Republic of China )

Corresponding author: yuping@whu.edu.cn, Tel: +86-27-68752511 (P. Yu)

Keywords: Superhydrophobic Membrane Separation Oil/water SiO, Epoxy

resin

Highlights

1. A facile one-step approach was applied to prepare stable superhydrophobic
membrane for oil-water separation.

2. The membrane has a good durability of the superhydrophobic property.

3. This method is suitable for large-scale production and applied to separate

micro-water in transformer oil.
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Abstract

In this study, a facile one-step dip-coating approach was reported for superhydrophobic membrane
fabrication, in which only epoxy resin and silica nanoparticles were needed. In addition, the surface
microstructure and wettability of the membrane were closely related to the content of silica
nanoparticles. When the content of silica nanoparticles was 4 wt%, the membrane exhibited optimum
surface roughness and superhydrophobicity, by which water was blocked, while oil was allowed to
permeate. Through the application of water contact angle, scanning electron microscope, energy
dispersive spectroscopy, thermal gravimetric analysis and Karl Fischer moisture titrator
measurement, the membrane examination indicated that the micro/nanostructures enhanced the water
repellency, which was similar to the lotus leaf effect. Furthermore, this method is suitable for
large-scale production and employed for micro-water separation in transformer oil. The reason is that
environmentally friendly and inexpensive materials are adopted and harsh operations, sophisticated
equipment and special atmosphere are avoided.

1. Introduction

In recent years, superhydrophobic materials have attracted more and more attention due to their
various applications, such as self-cleaning,'” anti-fogging,® delayed frosting,* anti-corrosion,™® and
oil-water separation.7’8 Since a lot of oily wastewater produced in daily life and many industrial
processes, numerous researchers focus on the development of materials with superhydrophobic
properties for oil/water separation.”!! Superhydrophobic materials were focused on to efficiently
separate the common layered mixture of oil/water or emulsified oil/water.'*"® To the best of our
knowledge, it’s the first time that superhydrophobic films have been employed to separate ppm level

of micro-water in oil liquids. The ppm level of micro-water is dissolved in transformer oil and the
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distribution of water is very uniform and stable. As a result, the separation is much more difficult
than the deposition of water and emulsified water.

After a long time running, power transformers oil tends to mix with a small amount of water.
Therefore, it is necessary and urgent to reduce the water content in transformer oil, so as to protect
the transformer from aging and corrosion.'* To date, conventional technologies have been employed
to separate oil/water mixtures, such as air flotation, gravity separation, centrifugation, oil-absorbing
materials and biological treatment.''® However, there are usually some limitations in these
technologies, which can hardly separate dissolved water in oil. In order to separate micro-water, the
vacuum oil filter is commonly adopted in industry. However, a lot of energy is required. In
consideration of superior chemical and mechanical stability, high separation efficiency, low cost and
relatively simple operational process, membrane technology is considered as the most efficient
method."”" In this paper, a superhydrophobic membrane has been prepared and successfully used
for micro-water separation in oil liquids.

By studying the natural superhydrophobicity of lotus leaves, rice leaves and water strider legs,”
researchers have been found out that in combination with the low surface energy,
micro/nanostructures on the materials surface generate superhydrophobic proper‘[ies.23 > In addition,
various techniques have been employed to fabricate superhydrophobic surfaces, such as plasma
etching, template/hydrothermal method, self-assembly, phase separation, chemical vapor deposition,
sol-gel and electrodeposition.”®* In this paper, a facile and inexpensive method is used to fabricate a
robust superhydrophobic membrane, in which only epoxy resin and silica nanoparticles need to be
mixed, coated and dried. As one of the most important thermo-setting polymers, epoxy resin is

widely used as coating and composite materials, as well as structural adhesives due to its great
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versatility and outstanding properties. Furthermore, the introduction of inorganic silica nanoparticles
provide a straightforward and effective way to improve the surface roughness and mechanical
properties of the membrane. In consideration of the small filtration resistance and low cost, a
double-sided composite filter paper material was selected as the membrane substrate. Through the
combination of the advantages of organic materials and inorganic materials, a solution of epoxy resin
loaded with silica (SiO;) nanoparticles was conglutinated on the surface subsequently, which led to a
water contact angle (WCA) of 161° upon hydrophobization. By simply dip-coating with the
nano-SiO,/epoxy resin solution, a robust and durable superhydrophobic membrane was presented,

which possessed good mechanical properties and environmental durability.

2. Experimental

2.1 Materials

Bisphenol epoxy resin (E-44) was purchased from Yueyang petrochemical plant, China. Ancamine®
2771 (A commercial-grade modified aliphatic amine curing agent) was purchased from Air Products
and Chemicals, Inc. PDMS-SiO;, (hydrophobic fumed silica after treated with polydimethylsiloxane,
AEROSIL® R 202, having an average particle size of 14 nm) was purchased from Evonik Inc.
Double-sided composite filter paper was supplied from Chongqing Paper Industry Research and
Design Institute, China. Transformer oil was taken from Hanchuan Power Plant, China. Absolute
ethanol (99.5%) was purchased from Sinopharm Chemical Reagent Co., Ltd. All chemicals were

used as received without any further treatment.
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2.2 Preparation of superhydrophobic membrane

As shown in Fig. 1, the process to prepare superhydrophobic membrane is described. First of all, 2 g
of epoxy resin and 1 g of Ancamine 2771 curing agent were added into 50 g of ethanol and stirred
for 10 minutes. In the next step, PDMS-SiO; nanoparticles with different weight fractions (wt%)
(respectively containing 0, 1, 2, 3, 4, and 5 wt% PDMS-Si0,) were added and stirred for 30 minutes
until the mixture became a uniform solution. And then, with a diameter of 80 mm, the double-sided
composite filter paper was dipped into the solution for 10 minutes and pulled out with the help of
narrow-nosed tweezers, so as to reduce the contact with the surface. Next, the coating was solidified
for 2 h at 90 °C. Finally, stable superhydrophobic membrane was yielded.

2.3 Separation process of micro-water in oil liquids

As shown in Fig. 2, the oil-water separation apparatus, the as-prepared superhydrophobic membrane
was placed in the ultrafiltration cup. And then, the transformer oil sample was poured into the
ultrafiltration cup and nitrogen was added to guarantee a pressure of SkPa. After the filtrate flowed
out of the ultrafiltration cup stably, a 1 mL sampler was used to sample the filtrate in the silicone
tube, so as to ensure that the filtrate was not exposed to air. Moisture in the air that causes the
experiment deviation was excluded. In addition, Karl Fischer moisture titrator was adopted to
measure water content of the original oil sample and the filtrate. Sampling and measurement were
performed for three times and the average was taken.

2.4 Characterization

Through the application of a contact angle detector (DSA100, Germany), the water contact angle
(WCA) was measured at room temperature, during which 5 pL. of distilled water was used as an

indicator. By employing electron microscopy (FEI Quanta 200, Holland) equipped with energy
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dispersion spectroscopy (EDS) unit, morphologies of the as-prepared samples and EDS were
investigated. With the help of a thermal analysis system (Setaram Instrumentation, France), thermal

! the

gravimetric analysis (TGA) was performed. Furthermore, at a heating rate of 10 °C min
samples were heated from room temperature to 600 °C under nitrogen atmosphere with a gas flow

rate of 20 mL min . Karl Fischer moisture titrator (SFY-101, China) was used to analyze the water

content in oil. All the tests were carried out in triplicate and the average values were presented.

3. Results and discussion

3.1 Wetting behavior

By adding different weight fractions of PDMS-SiO, nanoparticles in the impregnating solution
ranging from 0 to 5 wt%, six membrane samples were prepared, including A-0, A-1, A-2, A-3, A4,
and A-5. The WCAs of the membrane samples are shown in Fig. 3. Wetting involving such a
heterogenecous surface is best described by the Cassie—Baxter model and reduced to the Wenzel
mode in areas that no air trapping occurs.® From 125° on the surface coated with epoxy resin only
up to the maximum WCA of 161° for 5 wt% of PDMS-SiO,, the WCAs of the coated surface
increased as the concentration of PDMS-Si0, increased.

3.2 Surface morphology and chemical composition

By making use of SEM, surface morphology of the six membrane samples was investigated (Fig. 4
and Fig. S1 in ESI). For A-0 (without PDMS-SiO, in the membrane), a smooth surface of filter paper
was clearly observed with a diameter of about 20-500 pum. In contrast, after being treated by
PDMS-Si0,, a comparative rough surface of the membrane was observed from A-1 to A-5. It was
found that with the increase of PDMS-SiO; content in the dispersions, in which the filter paper was

immersed, more PDMS-Si0O, nanoparticles adhered to the fiber columns via epoxy resin and this
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roughened the surface of the membranes significantly. Due to poor adhesion to the substrates, a
small number of nanoparticles would fall off as nanoparticles further increased to 5 wt% in the
membranes. Besides, the fiber columns of the membranes were almost blocked by
PDMS-SiO,/epoxy resin. On account of the resistance increase when filtering, these membranes
were not conducive to oil/water separation. In addition, it has been found that prepared with 4 wt%
PDMS-SiO, nanoparticles incorporating epoxy resin, the membranes provided the best coating
adhesion correlating best with high water contact angle and the optimum surface roughness. Our
observation was well consistent with the study of D.K. Sarkar et al.,>’ in which similar tendency on
the roughness and the water contact angle was found on the surface prepared with ZnO nanoparticles
incorporating epoxy resin.

In order to determine the elements content on the surface of the filter paper, EDS analysis of the
large area on the membranes were carried out and the results were shown in Fig. 5 and Fig. S2 in ESI.
In A-1 to A-5, C, O and Si were found to be present, which indicated the presence of PDMS-SiOs,.
For A-0, the mass ratio of C : O was 75.65 : 24.35, while for A-1 to A-5, the mass ratio of C : O : Si
were respectively 69.71 : 29.19 : 1.10, 71.12 : 26.16 : 2.71, 69.30 : 24.41 : 6.30, 63.36 : 26.04 :
10.59, 63.66 : 22.90 : 13.44. Upon treatment with SiO,/Epoxy resin, a decrease in the carbon and
oxygen content and an increase in the silicon content were observed in samples, which indicated a
successful functionalization of the filter paper. In conclusion, a micro/nanostructure and
low-surface-energy element was treated on the filter paper surface, such as silicon.

3.3 Thermal stability of the membranes
In Fig. 6, TGA profiles of the six membrane samples were presented, which revealed that the thermal

stability increased with the concentration increase of PDMS-SiO, and once the thermal
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decomposition temperature was respectively 331 °C and 360 °C, SiO, content was 0% and 5% of the
membranes in weightlessness 5%. Furthermore, all the samples occurred in weightlessness above
300 °C and this suggested that the membranes had excellent thermal stability, which could
completely satisfy the use environment of transformer oil/water separation.

3.4 Separation efficiency of micro-water in oil liquids

Owing to the WCA and SEM of these superhydrophobic membrane, 4% SiO,/epoxy resin modified
superhydrophobic filter paper could be chosen for optimized oil-water separation. Oil-water
separation apparatus was shown in Fig. 2. By combined pressure and gravity, oil passed through the
superhydrophobic membrane and flowed into the filtrate flask during the separation process, while
water was blocked by superhydrophobic membrane. Transformer oils with an initial water content of
59.5 ppm, 71.6 ppm, 89.3 ppm and 126.3 ppm were filtered, a certain mass of filtrate was
respectively filtered out and the water content was measured. In addition, the weight and water
content of both filtrate and retentate were measured at least three times on average. As shown in Fig.

7 and Fig. S3 in ESI, the first point corresponds to the initial water content of transformer oil and the

remaining points correspond to the water content versus different filtrate weights. By resorting to Fig.

7, Fig. S3 and Table 1, it was illustrated that the separation efficiency increased as initial water
content in transformer oil increased. When the initial water content was 59.5 ppm, the oil-water
separation efficiency is only about 23.0%. However, when the initial water content was 126.3 ppm,
the separation efficiency could reach 54.2%. In Table 2, we have tried three times of filtration on
membrane separation efficiency and thereafter, the water content of transformer oil reduced from
132.9 ppm to 22.3 ppm. The separation efficiency was 83.2% and the flux of transformer oil was

about 130 mL min™ in the separation process. According to the Chinese Electric Power Standard
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GB/T 7595-2008 (Table 3), the water content of the running transformer oil must be < 35 ppm for
the voltage level of transformers < 110 kV, so as to operate the machine safely. After three times of
filtration through the superhydrophobic membrane, transformer oil could be used in transformers
directly and the problem of the transformer oil water content exceeding standard was solved.
Moreover, comparison between the membrane and vacuum oil filters was made. After three times of
filtration with vacuum oil filters, the water content of transformer oil was reduced to 15.6 ppm.
Nevertheless, the micro-water vaporization under high vacuum was needed in vacuum oil filters,
which would consume a lot of energy and a long time. In industrial application, the membrane has a
great value and numerous advantages.

3.5 Resistance against oil scouring

The stability and durability of A-4 membrane samples have been characterized by an oil scouring
test (Fig. 8), in which the samples were scoured by oil current using a constant flow pump. The
samples were taken out every two hours, washed with hexane three times and dried in an oven at 60
°C After each cycle, the WCA was measured. In Fig. 8, the changes of WCAs of the surface versus
the scouring time were displayed. At 10 h of the test, a little decrease was presented in the WCA,
which was reduced from 155° to 151°. The reason might be that a few loose particles were washed
off the surface by the oil, during which a slightly reduced roughness of the surface was produced.3 2
The WCAs only exhibited a very little decrease as the scouring time increased, which suggested a
good durability of the superhydrophobic property against the oil scouring. After 10 h of the oil
scouring test, the membrane was adopted to separate micro-water in transformer oil liquids. After
three times of filtration, the separation efficiency was 80.6%. This excellent stability was attributed

to the remarkable mechanical strength of epoxy adhesive that was associated with the strong



RSC Advances

interaction between epoxy adhesive and SiO; and the cross-linked structure. Besides, the structure of
double-sided composite filter paper also led to the maintenance of superhydrophobicity and oil/water

separation ability.

4. Conclusions

Superhydrophobic membranes with micro/nanostructures have been successfully prepared by
making use of SiO,/epoxy resin coated filter paper. Due to the hydroxyl groups formed in the epoxy,
the adhesion between inorganic particles and epoxy was strong. The membranes were characterized
by water contact angle, scanning electron microscope, energy dispersion spectroscopy, thermal
gravimetric analysis, and Karl Fischer moisture titrator measurement. As a result, the water contact
angle of these membranes was found to be increased from 125° to 161° and the super-oleophilicity
with the oil contact angle of 0° was observed. Besides, 4 wt% SiO,/epoxy resin membrane was
selected for optimized oil-water separation. In addition, even after an extremely harsh oil scouring
test, the membranes could maintain the required superhydrophobicity. This is the first reported
technique for the application of superhydrophobic membrane in micro-water separation in
transformer oil. Furthermore, this method is very simple, environmentally friendly and low-cost in
superhydrophobic membrane preparation, which makes it available for large-scale production and

applied in oil/water separation.
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Fig. 1 the process to prepare superhydrophobic membrane, double-sided composite filter paper
was dipped into the PDMS-SiO,/epoxy resin solution and then solidified for 2 h at 90 °C.
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Fig. 2 Oil-water separation apparatus, in which the membrane was put at the bottom of the
ultrafiltration cup. When the transformer oil was passed through the membrane, while the water
was retained above the membrane.
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27.9 °C, humidity 68%
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Table 1 The oil/water separation efficiency of the membranes

Filtrate water

Initial water Retentate water Separation
Samples content
content/ppm content /ppm efficiency/%
/ppm
1 59.5 45.8 87.5 23.0%
2 71.6 46.0 116.3 35.8%
3 89.3 533 158.9 40.3%
4 126.3 57.9 249.1 54.2%

Table 2 Three times of filtration on membrane separation efficiency

The average water

Filter times The water content /ppm
content /ppm
Before the
131.8 128.1 138.7 132.9
filter
The first filter 60.3 61.5 57.8 59.9
The second
46.0 36.5 42.7 41.7
filter
The third filter 19.2 26.1 21.7 22.3

Table 3 Transformer oil quality standards

Equipment Quality index Test
es
Items Voltalg_ievgrade New oil lz?lnning ethods
330~1000 <10 <15

content mg L'
<110 <20 <35
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